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Although the three mortality and air pol-
lution studies in this issue ofEHPcontribute
to the many previous studies that have evalu-
ated day-to-day changes in mortality associat-
ed with air pollution, they do not provide
substantial information on the specific pollu-
tant or mix ofpollutants responsible for the
observed mortality effects or biological plau-
sibility. For example, in the Santa Clara
analysis, Fairley evaluated a wide range ofair
pollutants and found the strongest mortality
associations with partides, especially fine par-
ticles (< 2.5 pm in aerodynamic diameter;
PM2 5) induding ammonium nitrate parti-
cles. In Philadelphia, Pennsylvania, only total
suspended particulates (TSP) were analyzed
by Neas et al. Lee and Schwartz analyzed
TSP, SO2, and 03in Seoul, Korea, and mor-
tality was most consistently associated with
SO2. The authors suggested that SO2 may be
acting as the better indicator offine particles
in Seoul. Recent reviews (4,12-17) of the
overall epidemiologic evidence support a
probable link between fine combustion-relat-
ed particulate air pollution and cardiopul-
monary disease and mortality. Also, several
recent studies have reported that chronic
long-term exposure to inhalable or fine par-
ticulate pollution is associated with an elevat-
ed risk of mortality (22-25). Nevertheless,
there is remaining uncertainty about the role
ofchemistry versus size of the particles and
the role of co-pollutants including 03, CO,
SO2, NO2, and others.
There is also substantial uncertainty
with regard to the biologic plausibility of
these associations. Biologic plausibility is
enhanced by the observation of a coherent
cascade of cardiopulmonary health effects
and by the fact that noncardiopulmonary
health end points are not typically associat-
ed with the air pollution. An overall review
of the literature (4,12-17) reveals that a
remarkable cascade of cardiopulmonary
health end points has been observed to be
associated with day-to-day changes in par-
ticulate air pollution. In addition to car-
diopulmonary mortality, particulate air pol-
lution has been associated with emergency
room and physician's office visits for asthma
and other respiratory disorders, hospital
admissions for cardiopulmonary disease,
increased reported respiratory symptoms,
and decreased lung function. Recently, there
have been studies that have attempted to
look at specific physiologic end points, in
addition to lung function, such as plasma
viscosity (26), hypoxemia and heart rate
(27), heart rate variability (28,29), and
acute inflammatory responses (30-31).
However, more research on the pathophysi-
ologic pathway linking cardiopulmonary
mortality and particulate air pollution clear-
ly should be conducted.
It is not clear that the case-crossover
design is necessarily superior or inferior to
the various advanced time-series approaches,
but it is an interesting and clever alternative
approach. What does appear clear is that the
various reasonable approaches and methods
provide similar results, contributing further
evidence that the associations between daily
mortality and ambient air pollution are rela-
tively robust and are probably not due to
methodologic bias or confounding by day of
week, seasonality, long-term time trends, or
weather variables. A better understanding of
the specific pollutants or mix of pollutants
responsible for the adverse health effects and
a better understanding of the biological
mechanisms involved are needed.
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Relationship between Ozone
and Respiratory Health in
College Students: A 10-Year
Study
(See Galizia andKinney,p. 675)
Ozone is the most persistent, intractable air
pollutant in urban air. In 1995, over 70 mil-
lion people in the United States lived in areas
not meeting the 1-hr U.S. Environmental
Protection Agency (EPA) ozone standard (1).
In 1997 the EPA tightened the standards for
ozone to 0.08 ppm averaged over 8 hr.
It is well known that short-term (2-7 hr)
exposures to ozone at 0.08-0.2 ppm in
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healthy subjects are-associated with decreased
lung function, pain upon deep breathing, and
inflammation of the lung (2,3). Repeated
short-term exposure to ozone results in atten-
uation ofpulmonary function effects by the
fifth day, indicating that there is a complicat-
ed interaction between ozone and human air-
ways (4). A similar tolerance for prolonged
ozone exposure was observed in some
California residents (5). The physiological
basis for this phenomenon and its long-term
pattern are not known. Itwas also shown that
young people with asthma in Atlanta,
Georgia, were more likely to visit emergency
departments for asthma treatment on days
following ozone levels that exceeded 0.11
ppm (6). Theeffects oflong-term exposure to
ozone on asthmaaggravation are notknown.
Unlike humans, animals can be used to
study prolonged exposure to ozone to exam-
ine histopathologic and structural changes.
Ozone exposure for 6-12 months induces
cell injury, lung edema, and inflammation in
a time-dependent fashion (7). Long-term
exposure to ozone is associated with fibrotic
changes resulting in a smaller, stiffer lung.
Structural damage is often seen at the junc-
tions of the terminal airways (7), where the
important mucus lining soon disappears
altogether. The documentation ofstructural
changes is useful in helping investigators of
human effects understand the likely areas of
maximal effect within the different parts of
the lung. Tolerance (or attenuation ofeffect)
to repeated and continuous ozone exposure
has been shown in animal studies as well as
in human studies (8).
It is generally agreed that knowledge of
the effects oflong-term exposure to air pol-
lutants is necessary to develop protective
z regulatory policies, but
.E relatively little is known
about the effects in
humans, and especially
about the developing
lung. Several studies
have tracked respiratory
symptoms and lung
function in adult sub-
jects with varying expo-
sure to ozone (9-11). In
general, these studies
report reduced lung vol-
umes and increased res-
piratory symptoms in
individuals residing in
areas with higher yearly
ozone concentrations. I Last year Kunzli et al.
(14 reported the results
of a study using a cre-
ative new experimental
design to evaluate the
effects of ozone expo-
sure on the human lung. They enrolled a
group of freshmen at the University of
California at Berkeley and estimated their
lifetime exposure to ozone. They were
18-21 years of age and had no history of
respiratory disease. Lung function was mea-
sured on two occasions about 1 week apart.
The analysis estimated lifetime ozone con-
centration and several measures of lung
function, and indicated that ozone exposure
was associated with smaller lung capacities.
In this issue ofEHP, Galizia and Kinney
present data that expand on the observations
of Kunzli and associates (12). The Kunzli
study was restricted to California residents,
but the present study included subjects
nationwide. The Galizia and Kinney study
examines the association between respiratory
health status in college freshmen and indi-
vidual long-term estimates of prior ozone
exposures. On average, pulmonary function
values in early adulthood were 3-8% lower
in the subjects who were categorized as
having resided in high ozone areas as com-
pared with the low exposure group. Thus,
this study provides additional data which
indicate that exposure to ozone for 10 or
more years during early lung development
results in a, smaller lung capacity. Taken
together, these two lifetime exposure studies
provide us with extremely important data to
help estimate the risk ofchronic ozone expo-
sure on the human lung. More and more
children grow up in urban or suburban areas
with persistent elevated summertime ozone
concentrations; thus, these data highlight a
pressing public health issue.
As with any study of air pollution epi-
demiology, there is concern about con-
founding effects from other air pollutants.
However, here is a substantial body oflitera-
ture from animal toxicology that supports
adverse respiratory effects associated with
extended exposure to ozone. Children are
especially vulnerable to ozone exposure
because of their vigorous outdoor summer
activities when ozone concentrations are
highest. Experimental data from animal and
human subjects show that ozone causes
decreases in lung function and airway
inflammation, which together reduce lung
capacity. Future studies should attempt to
determine the most vulnerable age ranges
that are associated with adverse effects from
ozone exposure on the developing human
lung, and whether there are threshold con-
centrations or durations of exposure
involved in this end point.
Jane Q. Koenig
Department ofEnvironmental Health
University ofWashington
Seattle, Washington
E-mail: jkoenig@u.washington.edu
REFERENCES AND NOTES
1. U.S. EPA. National Air Quality and Emissions Trends
Report, 1995. EPA 454/R-96-005. Washington, DC:U.S.
Environmental Protection Agency, 1996.
2. Horstman DH, Folinsbee W, Ives PJ, Abdul-Salaam S,
McDonnell WF. Ozone concentration and pulmonary
response relationships for 6.6 hour exposures with five
hours of moderate exercise to 0.08, 0.10, and 0.12 ppm.
Am Rev Respir Dis 142:1158-1163(1990).
3. Deviin RB, McDonnell WF, Mann R, Becker S, House DE,
Schreinemachers D, Koren HS. Exposure of humans to
ambient levels of ozone for 6.6 hours causes cellular and
biochemical changes in the lung. Am J Respir Cell Mol
Biol 4:72-81 (1991).
4. Horvath SM, GlinerJA, Folinsbee LI. Adaptation to ozone:
duration ofeffect. Am Rev Respir Dis 123:496-499(1981).
5. Hackney JD, Linn WS, Shamoo DA, Avol EL Responses of
selected reactive and nonreactive volunteers to ozone
exposure in high and low pollution seasons. In:
Atmospheric Ozone Research and Its Policy Implications
(SchneiderT, ed).Amsterdam:Elsevier, 1989;311-318.
6. White MC, Etzel RA, Wilcox WD, Lloyd C. Exacerbations
of childhood asthma and ozone pollution in Atlanta.
Environ Res65:56-68 (1994).
7. Chitano P, Hosselet JJ, Mapp CE, Fabbri LM. Effect of
oxidant air pollutants on the respiratory system: insights
from experimental animal research. Eur Respir J
8:1357-1371 (1995).
8. Nikula KJ,Wilson DW, Dungworth DL, Plopper CG. In vitro
evidence of cellular adaptation to ozone toxicity in the rat
trachea. ToxicolAppI Pharmacol 93:394 402(1988).
9. Detels R, Tashkin DP, Sayre JW, Rokaw SN, Coulson AH,
Massey FJ Jr, Wegman DH. The UCLA Population
Studies of Chronic Obstructive Respiratory Disease: IX:
Lung function changes associated with chronic expo-
sure to photochemical oxidants; a cohort study among
never smokers. Chest92:594-603 (1987).
10. Abbey DE, Peterson F, Mills PK, Beeson WL Long-term
ambient concentrations of total suspended particulates,
ozone, and sulfur dioxide and respiratory symptoms in a
nonsmoking population. Arch Environ Health 48:33-46
(1993).
11. Abbey DE, Burchette RJ, Knutsen SF, McDonnell WF,
Lebowitz MD, Enright PL. Long-term particulate and
other air pollutants and lung function in nonsmokers. Am
J Respir Crit Care Med 158:289-298 (1998).
12. Kunzli N, Lurmann F, Segal M, Ngo L, Balmes J,Tager IB.
Association between lifetime ambient ozone exposure
and pulmonary function in college freshmen-results of
a pilot study. Environ Res 72:8-23 (1997).
Environmental Health Perspectives - Volume 107, Number 8, August 1999 615